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Abstract 
In designing carbon capture and geological storage, the long-term behavior of stored CO2 in the underground 
geological formation is a crucial issue to be carefully considered. This is because of the fact that the injection of CO2 
into the formation would impact rock formation integrity, reactivating pre-existing fractures and reopening seal that 
eventually lead to potential CO2 leakage to the underlying groundwater containing layers and the surface.  
Therefore, the deformation of the reservoir rock during injection of supercritical CO2 needs to be well understood 
and defined while designing the project.   
 In this paper, we developed an experimental design using a newly developed flow pump permeability test to 
measure the change of strain and stress on the Ainoura sandstone cores under the injection of supercritical CO2. The 
experiment was set up to reproduce the similar condition of deep underground reservoir with 20 MPa confining 
pressure, 10 MPa pore pressure, 35°C temperature and 3 µl/min CO2  injection rate. As CO2 was injected to the 
specimen, the hydraulic pressure increased and generated a stress alteration.  The strain in the core was 
monitored. The injection was halted at 15.3 MPa hydraulic pressures over the period of 565.9 hours since the 
hydraulic pressure can reach the confining pressure applied on the core and this may break the silicon on the rubber 
sleeves covering the core. Therefore, in order to model the hydromechanical response of the core during the 
injection as well as to predict the strain propagated beyond the injection period measured in the experiment, a 
numerical investigation using coupling hydromechanical simulation was conducted. In this exercise, we employed a 
two phase flow reservoir simulator of TOUGH2 (ECO2N) coupled with rock mechanics computation of FLAC3D.  
A core specimen, with the rock properties and initial conditions similar to the experimental data, was generated and 
supercritical CO2 injection with a constant rate of 3.56×10-8 kg/s was simulated.  It was observed that, the 
increased hydraulic pressure and strain shown in the numerical simulation have well agreement with the 
experimental result. The results also indicated that, during injection, the hydraulic pressure on the core increased 
transiently, and became constant at almost 60 MPa over the period of 5833 hours. The core specimen deformed 
elastically due to the increase of pore pressure caused by injection.  The deformation of the specimen would not 
propagate failure even if the pore pressure exceeds the confining pressure applied on it.  The results confirmed that 
the injection of supercritical CO2 into low permeable rocks has considerable effects on the integrity of low 
permeable rocks even at low flow rates. 
 
 
INTRODUCTION 
Over the past several hundred years, CO2 emissions 
into the atmosphere has increased steadily and become 
a major contributing factor to global warming. To 
mitigate this effect, technologies for CO2 sequestration 
have been introduced with limited applications.  One 
of those technologies is carbon capture and geological 
storage (CCS), which can be defined as a process of 
separating CO2 emission produced by large stationery 
sources such as industrial plants and power stations, 
then compressing it to be supercritical CO2 and 
transporting via pipelines to suitable geological 
formations, such as unmineable coal beds, deep saline 
aquifers, and depleted oil and gas reservoirs (IPCC, 
2005). So far, CCS in the depleted oil and gas 
reservoirs is the most readily applicable technique due 
to its similarity to enhanced oil recovery (EOR) 
commonly applied in petroleum industries. However, 
although oil and gas reservoirs remain a large deposit 
in a number of countries, they are unequally 
distributed around the world. Other constrains are that 
it will take a very long time for those reservoirs to be 
depleted and ready for CO2 storage, and vast pipelines 
distributions are still needed due to the fact that the 
location of the sources of CO2 emission is often times 
far away from the field for CO2 Storage (Benson, 
2000). For those reasons, deep saline aquifers have 
been recently considered as geological media to 
sequester CO2.   
The risk of CO2 leakage on groundwater and surface 
still is under-investigation. Given by the proposed 
mechanism of CCS, CO2 will be injected to a certain 
depth of rock formation. Supercritical CO2, which has 
a lower density than the native brine residing in the 
formation, will move upward due to buoyancy, while 
flowing laterally driven by a differential pressure at the 
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same time.  A low permeability sedimentary rock or 
caprock will retain the flow of CO2 so that it will take 
a very long time to reach upper groundwater and 
ground surface. However, an overpressured injection 
of CO2 to the formation will likely occur resulting in 
an excessive compression, or possibly tension (Bachu 
S, 2000, Mackenzie et al. 2001, Shukla et al., 2010, 
Villarasa et al., 2011). This situation may lead to an 
increasing stress, even initiating and propagating 
cracks in the formation and large deformation that can 
be sensed even in the ground surface. The unexpected 
condition, that might occur as result of overpressure 
injection, is that the strength and integrity of the 
formation will be damaged generating microseismic 
activities, and new flow paths will be opened causing 
upward movement of CO2 towards the surface 
(Bouchard and Delaytermoz, 2004; Rutqvist and Tsang, 
2002).  
The safety of CO2 sequestration in deep saline aquifers 
associated with hydro-geomechanical behavior has 
been a subject of a number of studies. Most of those 
studies were undertaken as a field scale investigation 
with using numerical simulation. For instance, 
investigation of hydromechanical changes on a brine 
aquifer-caprock system using coupling 
hydromechanical simulator (TOUGH2-FLAC3D) was 
performed by Rutqvist and Tsang (2002).  Later, the 
geomechanical stability of the caprock during CO2 
injection was conducted by Villarasa et al. (2010) 
using an axisymmetric horizontal model of 
aquifer-caprock system and hydromechanical coupling 
based on a viscoplastic approach.  
Compared to numerical field scale studies, core scale 
laboratory studies are very limited.  One of them, 
conducted by Li et al. (2006), used a tria-xial acoustic 
emission measurement to monitor failure mechanism 
of rock fracture injected with CO2. They developed 
numerical simulation based on a finite element and 
two phase flow to analyze the abrupt failure process of 
the rock.  They found that, during the injection of 
CO2 into the rock, the pore pressure will be dissipated 
while the effective stress is quickly dropped leading to 
an abrupt failure of the rock. Their findings show that 
the failure of the rock would be propagated within a 
short period of time by CO2 injection since the rock 
specimen was already cracked by applying a load 
before the injection started. However, it is still unclear 
whether the load applied to generate initial crack on 
the rock specimen, which is controlled by the 
overburden stress that can be estimated based on the 
overburden pressure gradient. CO2 sequestration is 
expected to be implemented at the depths of 800–1200 
meters (Johnson et al., 2004).  The overburden 
pressure for 10% porosity rock at this depth varies 
from 19.04 to 28.5 MPa.  
In this paper, we conducted an experimental and 
numerical study of hydromechanical behavior on low 
permeable sedimentary rocks during supercritical CO2 
injection. Newly developed laboratory system of 
constant flow pump permeability test was employed to 
inject supercritical CO2 to a core from the Ainoura 
sandstone formation in Japan.  The confining 
pressure of 20 MPa and the initial pore pressure of 10 
MPa within the temperature of 35 °C were loaded on 
the specimen in order to create similar physical 
conditions of CO2 storage in deep underground 
reservoirs. The specimen was then injected by 
supercritical CO2 at a constant flow rate of 3 µl/min. It 
should be noted that a constant flow rate method was 
selected due to easiness of fixing the flow rate of 
injection rather than setting the constant differential 
pressure in the field scale application.  To analyze the 
experimental result, a hydromechanical model 
coupling TOUGH2 for modeling the hydraulic 
behavior, and FLAC3D for examining the mechanical 
behavior during the injection, was developed. The 
aims of this study were to observe and analyze the 
hydromechanical behavior of the specimen during CO2 
injection, and ultimately to examine whether the 
specimen being fractured or not.  
 
EXPERIMENTAL INVESTIGATION OF 
HYDROMECHANICAL BEHAVIOR OF CO2 
INJECTED SANDSTONE  
 
The design of a new constant flow pump laboratory 
system mainly focuses on creating similar physical 
condition to deep underground reservoirs expected to 
be used for CO2 storage. Fig. 1 illustrates the 
schematic of a new laboratory system for the 
permeability test. The details of this system can be 
found in Mitani et al. (2011).  
 
Figure 1. Schematic diagram and picture of newly 
developed flow pump permeability test.  
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The main problem in this experimental test is the 
vulnerability of the laboratory system to the effect of 
external and internal temperature. The external 
temperature is the outdoor laboratory temperature 
affected by seasonal weather, while the internal 
temperature is the apparatus temperatures influenced 
by the heat emitted by the measurement system. Those 
effects will cause an instability of CO2 flow affecting 
the reliability of the results. Therefore, we attempted to 
control the internal lab temperature by constructing a 
greenhouse chamber with air temperature controlling, 
while we stabilised the apparatus temperature by 
installing a hemathermal circulation tank and a bath 
temperature controller connected to the syringe pumps 
and syringe pipes, respectively (Figure 1).   
The specimen employed in this experiment is an 
Ainoura sandstone obtained from Sasebo, near 
Nagasaki Prefecture Japan. The dimensions of the 
specimen are 5 cm diameter and 10 cm height. Its 
average porosity and specific gravity are 12.6% and 
2.88, respectively. To monitor the deformation of the 
specimen generated by CO2 injection, strain gauge 
devices were installed in longitudinal and lateral side 
of it. The specimen was saturated with water and 
placed in the tria-axial chamber. Before starting the 
injection of supercritical CO2, the initial conditions 
were was created; the temperature of the syringe pump, 
pipes and pressure vessels were loaded at 35°C, 36°C, 
and 38°C respectively. After the temperatures of thise 
devices became stable, a confining pressure of 20 MPa 
and a pore pressure of 10 MPa were loaded on the 
specimen. Pure water with a constant flow rate of 3 
µl/min was injected and the pressures in the upstream 
and downstream of the specimen were measured. This 
aims to measure intrinsic permeability (K) of the 
specimen using Darcy’s law measuring the differential 
pressure between the upstream and downstream ends 
at steady state condition. Supercritical CO2 was then 
injected with the measurement of the hydraulic 
pressure in the downstream and upstream including 
longitudinal and lateral strain (Figures 2 and 3). The 
injection was halted at 15.3 MPa over 565.9 hours due 
to excessive hydraulic pressure approaching the 
confining pressure which could have broken the silicon 
coat on the rubber sleeves covering the specimen. 
It can be seen in Figure 2 that the injection of 
supercritical CO2 increases the hydraulic pressure in 
the downstream and upstream of the specimen. Based 
on the change of differential hydraulic pressure 
observed, the process can be divided into three stages 
of CO2 migration during the injection. First stage is the 
period for CO2 to flow and reach the bottom of the 
specimen. Figure 3 shows that the strains measured on 
the specimen were very small in the first stage. These 
results suggested just a few fractions of CO2 flowing 
through the specimen and most of the saturated water 
still residing the pores (Figure 4).  
In the second stage, the differential hydraulic pressure 
transiently increases indicating the displacement of the 
saturated water by the injected CO2 has already 
occurred (Figure 2). At this stage, a significant 
increase of the specimen’s volumetric strain was 
observed, possibly due to compressible CO2 flowing 
and displacing the saturated water. Finally, in the third 
stage, the differential hydraulic pressure was gradually 
decreased.  This means that while CO2 flows and 
breaks through, some water will be left as residual 
water saturation (Figure 4).  The differential 
hydraulic pressure is expected to be leveled off when 
CO2 flow achieved a steady state.  It is also clear that 
the volumetric strain still increases at this stage due to 
the effect of CO2 flow as compressible fluid on 
increasing pore pressure of the specimen.  
 
 
Figure 2. Hydraulic pressure in and differential 
hydraulic pressure between downstream 
and upstream versus time. 
 
 
 
 
Figure 3. Strain on the specimen during injection 
versus time. 
 
 
Figure 4.  Stages of CO2 flow in the specimen during 
the injection. 
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Nevertheless, whether the specimen will fail or 
cracked due to the increase in the pore pressure 
exceeding the confining pressure cannot be confirmed 
just based on the experimental result. Our finding 
shows no cracks observed on the specimen at the end 
of the injection. The experimental result just confirms 
such deformation of the specimen propagated by the 
injection within the condition of hydraulic pressure not 
exceeding the confining pressure. The injection with 
limited time may be insufficient to generate failure 
mechanism.  Therefore, a numerical simulation using 
coupling hydromechanical simulator is needed to 
model both hydraulic and mechanical response of the 
specimen during the injection, as well as to predict the 
failure mechanism that might occur when the hydraulic 
pressure exceeding the confining pressure. 
 
 
NUMERICAL INVESTIGATION USING 
HYDROMECHANCAL COUPLING SIMULATION 
 
Numerical investigation was conducted by employing 
a geohydrological analysis of multiphase phase flow 
and thermal transport simulation (TOUGH2), and a 
rock and soil mechanics with hydromechanical and 
thermomechanical interactions computation 
(FLAC3D). Those codes were coupled by using 
external functions that dictate changes in effective 
stress as a function of two-phase pore pressure and 
thermal expansion, and changes porosity, permeability 
as a function of mechanical deformation (Figure 5). 
This linking model was developed by Rutqvist and 
Tsang (2002) to simulate hydromechanical changes on 
a caprock associated with CO2-injection into a brine 
formation. Their model was in field scale whereas our 
model is a laboratory (core) scale. 
 
  
Geometry, material properties, initial and 
boundary conditions 
 
The numerical model is a core sandstone with the 
dimensions of 0.5 m radius and 1 m height (Figure. 6).  
The permeability is 2.31 x10-17 m2 isotropically in x, y 
and z directions and the porosity is 0.126 which is 
assumed to be homogeneous.  The model of 
TOUGH2 is in radial grids where the injection spot is 
located in three grids at the lower corner with the flow 
rate of 3.56x10-8 kg/s.  The initial pressure and 
temperature across the model are 10 MPa and 35°C 
respectively. The temperature is isothermal and 
constant during the injection. The relative permeability 
data is based on Van Genuchten-Mualem model with 
the m of 0.457 and water residual saturation of 0.15 
and CO2 residual saturation of 0.1. The capillary 
pressure is computed based on Van Genuchten model 
while the CO2 solubility in water based on Spycher 
and Pruess model. The injection is placed on the 
bottom of the model so CO2 will flow upward. The 
simulation is conducted over 600 hours with the time 
steps of 100 seconds.     
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Schematic of linking TOUGH2 and 
FLAC3D for coupled hydromechanical 
simulation. 
 
 
 
 
 
Figure 6. Vertical profile of the specimen.  
 
Porosity was obtained through the following 
relationship  using the mean stress:   
 
( ) ( ) rMr φσφφφ +−= − '.10.5exp 80             (1) 
 
where  is porosity at zero stress,  is residual 
porosity at high stress and the mean effective stress, 
σ’M, is obtained from FLAC3D simulation results.  
 
The permeability correlates to the porosity according 
to the following equation: 
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where  is the permeability at initial stress 
permeability.  
 
Those equations (Eq. 1 and 2) were obtained from the 
correlation based on laboratory measurements on 
sandstones by Davis and Davis (1999) and modified 
by Rutqvist and Tsang (2002).  
The geomechanical model of FLAC3D is based on the 
Mohr-Coulomb failure model with similar specimen 
dimensions to that of TOUGH2.  The density is 2700 
1 m 
0.5 m  
CO2 injection  
Coupling module 
Two phase 
Stress and strain analysis 
TOUGH2 
FLAC3D
D 
T, Pw,, PCO2, Sw, Pcap 
Coupling module 
Ppore, Pconfining 
σ', Є 
Φ, K Two phase flow  
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kg/cm3, bulk modulus is 26.8 GPa, shear modulus is 7 
GPa, cohesion is 27.2 MPa, tensile strength is 1.17 
MPa, friction angle of 27.8°. Those estimated data is 
typical for sandstones and adapted from Goodman 
(1980).  
The simulation results using coupled hydromechanical 
simulation of TOUGH2-FLAC3D showed well 
agreement with the experimental result. It can be seen 
from Figure 7 that the hydraulic pressure and strains 
obtained from the hydromechanical coupling 
simulation exhibit similar trends to the experimental 
result. It should be noted that the dimension of the 
model was 10 times larger than the specimen 
dimension due to the effect of grid size on the 
simulated hydraulic pressure. Yet, it is obvious that the 
simulation is able to reproduce the experimental result.  
After validating the simulation model using the 
experimental data, CO2 injection was simulated for the 
time periods beyond the experimental test duration. 
The simulation shows that CO2 flow will achieve 
steady state over the period of 6000 hours, and it will 
generate the increase of hydraulic pressure until 60 
MPa. The injection yields the axial and lateral strains 
of 0.0038 and 0.008, respectively (Figure 8). One can 
observe that the axial strain is lower than the lateral 
strain, due to the boundary condition in the simulation.  
The top and the bottom side of the specimen were 
fixed for displacement in the axial way to mimic 
realistic field conditions in the experiment.  
 
 
DISCUSSIONS 
 
We conducted experimental and numerical 
investigation of hydromechanical response of low 
permeable rocks during the injection of supercritical 
CO2. Newly developed constant flow pump 
permeability test with the measurement of axial and 
lateral strain on the CO2 injected specimen were 
undertaken, while the hydromechanical coupling with 
TOUGH2-FLAC3D was developed to reproduce the 
experiment, as well as to predict the hydromechanical 
response of the specimen during injection.  
The injection of CO2 at a constant flow will generate 
an increase of hydraulic pressure across the specimen, 
leading to an increase in pore pressure and 
deformation of the specimen. This can be seen in the 
second stage of injection, the displacement stage of the 
saturated water by CO2. At this stage, the volumetric 
strain of the specimen increases sharply whereas the 
upstream pressure drops slightly at the period of 180 
hours (Figure 2). The drop of upstream pressure during 
the injection is similar to what Villarasa et al. (2010) 
suggested as a drop of fluid pressure due to rock 
deformed and its porosity increased. The indication of 
the pressure drop caused by the change of porosity 
related to the deformation was revealed by the increase 
of porosity and permeability of the specimen during 
the injection (Figure 9). The porosity increased by 
0.8% in the beginning up to 2.6% at the end of 
injection. On the other hand, the permeability of the 
specimen also increased by 1.5% initially reaching a 
value of 3% eventually. The relation between hydraulic 
pressure (P) and the change of porosity (φ,φ0) and 
permeability (K,K0) for water saturated Ainoura 
Sandstone injected with supercritical CO2 can defined 
with empirical equation as follows: 
 
  0104.1ln00464.0
0
+= P
K
K
             (3) 
  9898.0ln0087.0
0
+= Pφ
φ
              (4) 
 
Based on the simulation results, CO2 injection would 
not propagate a failure on the rock specimen, even 
hydraulic pressure exceeding confining pressure. 
Figure 10 shows that the increase of lateral strain is 
almost linear with the increase of mean effective stress. 
This indicates an elastoplastic deformation occurred on 
the specimen during the injection. This confirms what 
Rutqvist and Tsang (2002) and Ferronato et al. (2010) 
suggested; low permeability rock is still intact and in 
full integrity under CO2 injection even the injection 
pressure is close to the lithostratic stress. Although the 
injection of CO2 does not generate a crack failure, its 
effect on the deformation of rock is still needed to be 
taken into account for practical field applications.  
Our experimental and numerical results also reveal 
similar findings to what Ferronato et al. (2010) 
suggested; ground deformation is yielded by CO2 
injection, affecting infrastructures and manmade 
buildings above CO2 sequestration field.  
 
 
Figure 7.  Strain measured in the experiment and that 
simulated in the model, versus time.  
 
 
Figure 8.  Strains and pore pressure on the specimen 
over 6000 hours of CO2 injection.  
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Figure 9.  Increase of permeability and porosity 
during the injection.  
 
 
Figure 10. Strains and pore pressure on the specimen 
over 6000 hours of CO2 injection.  
 
  
CONCLUSSIONS 
 
This paper developed an experimental and numerical 
investigation of hydromechanical response of low 
permeable rocks during injection of supercritical CO2. 
The injection of supercritical CO2 to Ainoura 
sandstone cares was conducted using a newly 
developed constant flow pump permeability test. To 
model hydromechanical response during the injection, 
hydromechanical coupling simulator of 
TOUGH2-FLAC3D was employed. It was observed 
that the injection of supercritical CO2 to low 
permeable sandstone generates an increase in the pore 
pressure leading to an elastoplastic deformation. As a 
consequence, the permeability and porosity of the 
sandstone increased by 2.6% - 3%. There was no 
fracture caused by injection, even the hydraulic 
pressure exceeds the confining pressure. The results 
suggested that the injection of CO2 in a low flow rate 
would not propagate failure crack on low permeable 
rock. However, its effect on the deformation of rock is 
needed to be considered for future field scale 
application.  
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